In this paper, firstly, the morphology and toughness of a range of bulk epoxy polymers, which incorporate a second phase of well-dispersed silica nanoparticles and/or rubber microparticles, have been determined. Secondly, the macro-properties of natural-fibre reinforced-plastic (NFRP) composites based upon these epoxy polymers have been ascertained, using (i) unidirectional flax fibres or (ii) regeneratedcellulose fibres in the architecture of a plain-woven fabric. Thirdly, the toughening mechanisms which are induced in these materials by the presence of the silica nanoparticles, the rubber microparticles and the natural fibres have been identified. Finally, the values of the toughness of the bulk epoxy polymers and corresponding NFRPs have been quantitatively modelled. The increased toughness recorded for the bulk epoxy polymer due to the presence of the silica nanoparticles and/or rubber microparticles was indeed typically transferred to the NFRP composites when using such epoxies as the matrices for the fibres. Thus, the important role that may be played by modifications to the epoxy matrices in order to increase the toughness of the composites was very clearly demonstrated by these results. However, notwithstanding, the toughening mechanisms induced by the fibres were essentially responsible for the very high toughnesses of the NFRP composites, compared with the bulk epoxy polymers. The modelling studies successfully predicted the values of toughness of the bulk epoxy polymers
(b) The fibres
This study employed two different types of natural fibres. One was a flax fibre (FF) in the form of continuous yarns spun from short interlocked fibres, with a diameter of 17 ± 7 µm, which were woven into a fabric (Composites Evolution, UK) [28] . The weaving architecture of the FF fabric used in the present study was unidirectional (UD; figure 1a ). The FF-UD fabric has the majority of fibres running only in one direction. A very small number of fibres run in the perpendicular direction to hold the primary, UD, fibres in position and to create spaces for the resin to infuse through. The second natural fibre employed was a regenerated-cellulose fibre (CeF) consisting of continuous and non-twisted pure cellulose fibres with a diameter of 10 ± 1 µm, in a cellulose fibre plain-woven (CeF-PW) fabric architecture (figure 1b) (Greenlite TM ; Porcher Industries, France [29] ). The regenerated-CeF-PW had fibres in the warp and weft directions, where each warp fibre passes alternately under and over each weft tow. To enable direct comparisons with results obtained using conventional glass-fibre reinforced-plastic (GFRP) composites, two different weaving architectures of glass-fibre fabric, namely unidirectional (GF-UD) and plainwoven (GF-PW), were selected in order to manufacture GFRP composites that would match the weaving architectures of the NFRP composites. They were both supplied by SP Systems, UK, and employed E-glass fibres with a diameter of 15 ± 2 µm.
(c) Preparation of the bulk epoxy polymers
Bulk sheets of the various epoxy polymers were produced to determine the properties of the polymers. Firstly, the simple DGEBA resin was mixed together with given amounts of the nanosilica and/or CTBN-epoxy adduct in the DGEBA resin. The value of the EEW of the blend was calculated. Secondly, the stoichiometric amount of the curing agent was added to the mixture, which was then poured into a release-coated mould and was cured.
(d) Preparation of the natural-fibre composite laminates
The RIFT manufacturing process which was employed to prepare all the composite panels was based upon the work of Masania [30] . Previous results have clearly demonstrated [ very deleterious effect that moisture present in the natural fibres may have upon the properties of the NFRP composites. Now, in the RIFT process such trapped water cannot escape from the composite panel. Thus, this water may only molecularly diffuse into the epoxy matrix and/or be released as steam; and such water was found to have a very deleterious effect on the macro-properties of the NFRP composites. Hence, what was termed an 'optimized-RIFT' manufacturing process was developed [31, 32] , whereby the flax fibres (i.e. the FF-UD fabric) and the cellulose fibres (i.e. the CeF-PW fabric) were dried in a fan oven at 75 • C for 12 h prior to being employed in the RIFT process. This drying schedule was selected on the basis of a series of tests [31] which showed that the moisture content in the fibres was reduced to a very low level of about 1 wt% by using this schedule. In addition, no degradation of the naturalfibre fabrics was observed using this drying schedule and this drying time was not excessive from a commercial manufacturing viewpoint. In all these studies, this drying schedule for the fibres was always undertaken before the PMCs were manufactured using the optimized-RIFT manufacturing process. For the manufacture of the NFRP composite sheets, the laboratory temperature was maintained at 21 ± 2 • C and a relative humidity at 55 ± 5%. Layers of the selected fabric were laid between the top and bottom consumable stacks. For the fracture tests, the layers of fabric contained a 50 mm wide poly(tetrafluoroethylene) (PTFE) film, with a thickness of 10 µm, inserted along one side, between the middle layers of the fabric, to act as a pre-crack in the double-cantilever beam (DCB) test specimens [33] . The complete assembly was bagged-up and vacuum sealed, using a high-temperature, pressure-sensitive adhesive tape, with the outlet connected to a vacuum pump and the inlet connected to the resin container via a valve. The assembly was placed on a preheated metal plate at 50 • C and subjected to a vacuum, giving a pressure of approximately −0.1 MPa relative to atmospheric pressure, and the inlet valve was opened to allow the resin, also at 50 • C, to infuse into the fabric layers until the resin formulation visually appeared to wet fully all the layers of fabric reinforcement. The inlet was then closed to stop further infusion of the epoxy resin. (The time between the fibres being placed in the RIFT equipment to achieving complete infusion of the epoxy resin formulation was about 45 min for the relatively low-viscosity unmodified epoxy formulation (i.e. the Si0R0 formulation) and was increased up to about 120 min for the highest viscosity, hybrid epoxy formulation (i.e. the Si10R9 formulation).) Next, the temperature was raised to cure the epoxy matrix under the imposed vacuum. The epoxy resin matrix was cured at 100 • C for 2 h, followed by a post-cure at 150 • C for 10 h. A similar procedure was employed to manufacture sheets of the GFRP composites, but the drying step for the fibres was omitted. The fabricated composite panels were cut into specimens using either a wet diamond-saw machine (for the GFRP composites) or a laser-cutting machine to avoid contact with moisture (for the NFRP composites). The above manufacturing methods led to glass transition temperatures for the anhydride-cured epoxy matrix of between 94 • C and 126 • C, depending upon the formulation employed and the extent of any relatively low concentration of residual water remaining in the natural fibres prior to manufacture of the sheets [32] . 
(e) Imaging studies
An atomic force microscope (AFM) was used to inspect the morphology of the particle-modified matrices of the bulk epoxy polymers and the matrices of the NFRP and GFRP composites. The sample preparation involved microtoming the surfaces of the samples using a PowerTome XL ultramicrotome (RMC Products, USA) to give a very smooth surface. A tapping-mode scan of the surfaces of the microtomed sample was conducted using a Multi-Mode 8 scanning probe microscope (Veeco, USA) with a silicon probe that had a tip diameter of 5 nm. The height and phase images were captured at a 512 × 512 pixel resolution at a scanning rate of 1 Hz, and the image analysis was conducted using the NANOSCOPE IV software. The surfaces from the fracture tests were inspected using either an S-3400N scanning electron microscope (SEM; Hitachi High Technologies, UK) or a high-resolution LEO Gemini 1525 field-emission gun scanning electron microscope (FEG-SEM; Carl Zeiss, Germany). Samples were cut from the tested specimens using a diamond-saw cutting machine and were mounted onto an SEM sample stub using conductive adhesive tabs. They were then coated with chromium using a Quorum Q150T S turbo-pumped sputter-coater (Quorum Technologies, UK) to give a coating of sputtered chromium which was approximately 20 nm thick. Conductive silver paint was also used to make a conductive link from the surface of the sample to the sample stub. These precautions made the specimens less likely to charge during imaging when examined using the SEM.
(f) Mechanical property studies
The details of all the experimental methods employed to obtain the various mechanical property parameters that were of interest in this study are described in detail in [31] . The uniaxial tensile tests were conducted in accordance with ASTM D-3039 [34] . Single-edge notch-bend tests were conducted using bulk polymer specimens to obtain values for the initiation fracture energy, G c , and fracture toughness, K c . (It should be noted that no R-curve behaviour was observed in the bulk polymer tests.) Tests were conducted in accordance with ISO-13586 [35] . The initial saw-cuts in the specimens were tapped using a cooled razor blade to obtain sharp cracks, with crack lengths of the order of a/w = 0.5. The fracture energy, G c , was calculated using the energy method, and the fracture toughness was calculated using the fracture load. As a check, the fracture energy for each material was also calculated from the measured values of K c and E; good agreement between the values was found. The mode I interlaminar fracture energy, G c , for steady-state crack propagation through the composite materials was measured using the DCB test geometry, in accordance with ISO-15024 [33] . The 150 × 20 mm DCB specimens were cut from the fabricated composite panels, which were between about 3 and 5 mm thick depending upon the composite type. Along the first 50 mm length of the specimens, a thin PTFE film had been inserted between the middle plies of the fibre stack, prior to resin infusion, to serve as a pre-crack. The pre-cracked ends of the specimens were adhesively bonded to aluminium endblocks and a thin layer of typewriter erasing liquid was painted on one side of the specimen. A crack length scale was drawn at intervals on the white surface to readily allow the visual measurement of crack growth during the test, aided by a low-power travelling optical microscope. The interlaminar fracture energy, G c , was calculated using the corrected beam theory method, in accordance with ISO-15024 [33] . The tests revealed that the composites exhibited R-curve behaviour due to the effects of fibre bridging. Therefore, the values of G c which are given in this paper are for steady-state crack propagation, when a maximum plateau level of the value of G c had been attained. The NFRP composites, owing to the high values of G c that they exhibited, had UD GFRP strips bonded onto each side of the DCB test specimen, using a room-temperature curing epoxy adhesive. This prevented inelastic deformation of the arms of the DCB test occurring, which would have made the test results invalid according to the ISO Standard [33] . 
Results and discussions: experimental studies (a) Microstructure
The average diameters of the silica nanoparticles and the rubber microparticles when present in the epoxy polymers were about 20 nm and 2 µm, respectively. In the formulations containing only one type of particle, i.e. the Si10R0 and Si0R9 polymers, the particles were always very well dispersed, with no signs of particle agglomeration from either the AFM or SEM micrographs. However, for the hybrid-toughened epoxy polymer, i.e. the Si10R9 formulation, there was an indication that the silica nanoparticles had started to aggregate together, but only to a relatively small extent. It was found that the microstructure of the epoxy polymer matrices in the NFRP composites was not significantly different from that of the bulk epoxy polymers described above. AFM images taken from the FF-UD composites employing the various epoxy matrices are shown in figure 2 to illustrate the above comments.
(b) Mechanical properties
A tensile modulus of 2.96 GPa was measured for the unmodified (Si0R0) epoxy polymer. The addition of silica nanoparticles increased the modulus as expected since the modulus of silica, E = 70 GPa [36, 37] , is much greater than that of the epoxy polymer. A modulus of 3.55 GPa was measured for the polymer containing 10 wt% of silica nanoparticles, i.e. the Si10R0 material, which is an increase of about 20% compared with that of the unmodified epoxy polymer. By contrast, of course, the presence of the rubber microparticles decreases the modulus, compared with the unmodified polymer, i.e. from 2.96 to 2.35 GPa for the Si0R9 epoxy polymer. However, again, the presence of the silica nanoparticles somewhat restores the modulus for the hybrid epoxy polymers, i.e. the Si10R9 materials, where a modulus of 2.77 GPa was measured [15] . The measured values [15] of the fracture energy, G c , of the bulk epoxy polymers are shown in table 1 and figure 3 . A value of 77 J m −2 was measured for the unmodified (Si0R0) epoxy polymer, which increased to 180 J m −2 upon the addition of 10 wt% of silica nanoparticles, i.e. the Si10R0 material. As is well established, the rubber microparticles were more effective in increasing the toughness and the value of G c increased to 671 J m −2 for the Si0R9 material. The hybrid epoxy polymer, i.e. the Si10R9 containing both types of particles, was the toughest with a value of G c of 906 J m −2 .
Considering the mechanical properties from the NFRP and the GFRP composites, there are several noteworthy points from the results. Firstly, the values of the modulus, E, were significantly greater for the GFRP composites than for the corresponding NFRP composites. This, of course, is to be expected and simply reflects the significantly greater modulus of the glass fibres compared with the flax and cellulose natural fibres. For example, the modulus of the flax, cellulose and glass fibres are of the order of 60, 35 and 72 GPa, respectively [31] . Secondly, there was no clear trend of the type of epoxy matrix upon the values of E for the composites. This again is to be expected, because the moduli of the composites are governed by the properties of the fibres, and not the matrix. Thirdly, considering the values of the interlaminar fracture energy, G c , then the values for the FF-UD and CeF-PW NFRP composites are typically about 75% higher than for the corresponding GFRP composites (i.e. the corresponding GF-UD and GF-PW GFRP composites), and this may be seen from the results given in figure 3 . This reveals the remarkable toughness achieved for the NFRP composites manufactured using the optimized-RIFT process. Fourthly, as shown from figure 3, for the values of the interlaminar fracture energy, there is a general trend of an increased toughness being recorded for all the composite materials as the toughness of the bulk epoxy polymer matrix is increased by the use of silica nanoparticles and/or rubber microparticles. Finally, figure 4 shows the interlaminar fracture energy, G c , plotted against the specific tensile modulus, E/ρ, for the NFRP and GFRP composites, as determined from the present study, and for two similar composites employing carbon fibres (CFs) [38, 39] , where ρ is the density of the composite. The CF composites were of a very similar type to the present NFRP and GFRP composites in terms of their fibre architecture and the matrices employed, and they were also manufactured using a resin-infusion process. Results are shown in figure 4a for the control (Si0R0) matrix and in figure 4b for the hybrid (Si10R9) matrix. (These two different epoxy matrices were selected for figure 4 since they represent, respectively, the lower and upper bounds for the values of G c that were obtained. figure 4 , there is a very positive effect from the presence of the silica nanoparticles and rubber microparticles in the epoxy polymeric matrices, i.e. to give a hybrid-toughened (Si10R9) epoxy matrix.
(c) Toughening mechanisms
The toughening mechanisms induced by silica nanoparticles and rubber microparticles in an epoxy polymer have been well documented [3] [4] [5] 15, 16, 40, 41] . In the case of the silica nanoparticles the toughening mechanisms induced by the nanoparticles were identified as (i) localized polymer shear band yielding around the particles and (ii) debonding of the particles followed by subsequent void growth of the epoxy polymer. For the rubber microparticles, the toughening mechanisms are essentially the same, except that the rubber particles are very well bonded to the epoxy matrix and thus they internally cavitate, rather than debond. This internal cavitation of the rubber particle enables the subsequent toughening mechanism of void growth of the epoxy polymer. Now, firstly, from the studies undertaken on the NFRP and GFRP composites, all the above toughening mechanisms were identified to be operative. Hence, these toughening mechanisms are at least partially responsible for the increases seen in the interlaminar fracture energies, G c , as the matrix of the NFRP undergoes modification via the incorporation of silica nanoparticles and/or rubber microparticles, as shown in table 1 and figures 3 and 4. Secondly, in the NFRP composites the fibres also play an important role. SEM micrographs of the DCB fracture surfaces of the NFRP composites revealed relatively few clean fibres, indicating that the fibre-matrix adhesion is relatively good. The fracture path of the propagating crack tended to be through the fibres and fibre-bundles and the fracture surfaces were covered with defibrillated and broken fibres and fibre-bundles. These broken fibres and fibre-bundles arose from the extensive fibre and fibre-bundle pull-out and bridging in the DCB fracture tests, as may be seen in figure 5 from the side-view photographs taken during the tests. Thus, the main failure mechanisms are fibre and fibre-bundle pull-out and bridging, which lead to fibre and fibre-bundle breakage and fibre defibrillation. These failure mechanisms will lead to toughening of the NFRP composites. Now, although similar mechanisms were observed for both the FF-UD and the CeF-PW NFRP composites, it was apparent that the extent of fibre defibrillation seen on the fracture surfaces of the FF-UD composites was more extensive than for the CeF-PW composites. This is due to the flax fibres being relatively short and interlocked, with the elementary fibres being bonded together with pectin [42, 43] . In comparison, the cellulose fibres are relatively more uniform and continuous [42] , with fewer intrinsic defects. These factors appeared to make the FF-UD composites more susceptible to fibre defibrillation than the CeF-PW composites. On the other hand, in the CeF-PW composites the plain-woven fibre architecture means that the fibres in the weft and warp directions are mechanically interlocked. Hence, in these composites, it was observed that the fibre and fibre-bundle bridging behind the crack front usually involved a relatively greater extent of the surface area of delaminated and bridging material. Considering the GFRP composites, the fracture surfaces for both the GF-UD and GF-PW composites showed that the degree of fibrematrix adhesion was good, as indeed would be expected. Also, it was observed that fibre bridging and breakage had clearly occurred during the fracture tests for both types of GFRP composite. However, owing to the differences in the architectures of the fibre reinforcement, the GF-UD and GF-PW composites exhibited somewhat different fracture mechanisms. The weft and the warp fibres in the PW-based composites were mechanically interlocked, and hence fibre and fibre-bundle bridging usually involved a relatively greater surface-area coverage of delaminated and bridging material. However, the degree of fibre and fibre-bundle pull-out and bridging was always significantly greater for the NFRP composites than for the GFRP composites, owing to the different microstructures of the natural fibres. This greater extent of the key toughening mechanisms of fibre and fibre-bundle pull-out and bridging being observed for the NFRP composites is reflected in the higher values of G c for these materials, when compared with the GFRP composites, as shown in table 1 and figures 3 and 4.
Results and discussions: modelling studies
The mechanisms of shear band yielding and plastic void growth arising from the presence of rubber microparticles and/or silica nanoparticles in the bulk epoxy polymer have been successfully modelled by Huang & Kinloch [44] for rubber-modified epoxy polymers, and more recently by Kinloch et al. [12] , Hsieh et al. [16] and Bray et al. [45] for silica nanoparticle-modified DGEBA epoxy polymers. Further, Giannakopoulos et al. [46] and Chen et al. [47] have also applied these models to epoxy polymers toughened using core-shell rubbers.
Huang & Kinloch [44] proposed a generalized solution to examine incremental increases in G c ,
where G cu is the fracture energy of the unmodified bulk epoxy polymer and Ψ represents the overall contributions from the various toughening mechanisms that are operative. The term Ψ was expanded by the above authors to give: 2) where the five terms on the right-hand side of equation (4.2) have been analytically derived and represent, respectively: G s sb , the contribution from localized shear yielding in the epoxy associated with the silica nanoparticles [15, 16, 48] ; G s v , the contribution from plastic void growth in the epoxy associated with the silica nanoparticles [15, 16, 48] ; G r sb , the contribution from localized shear yielding in the epoxy associated with the rubber microparticles [44, 49] ; G r v , the contribution from plastic void growth in the epoxy associated with the rubber microparticles [44, 49] ; G r rb , the contribution from the rubber particle bridging behind the advancing crack tip [44, 50] . In this study, for the fracture of the NFRP composites, we may further expand the term Ψ to give:
where the toughening contribution, G f , from the fibres arises from (i) additional matrix deformation and fracture due to the process of the fibres pulling-out from the matrix and (ii) fibre bridging and fracture. The value of G f may be calculated from the work of Ye & Friedrich [51] via:
In the above equation, the term r f is the mean radius of the fibre, l p f is the pull-out length of the fibres, n p f is the number of pulled-out fibres per unit area, σ tf and ff are the fibre fracture stress and strain, respectively, l b f is the length of the fibres at fracture and n b f is the number of fibres per unit area that fracture. In equations (4.1)-(4.3), the individual terms, which represent the different toughening mechanisms, are shown as being simply additive. However, equation (4.4) , which is typical of the detailed equations used to deduce each of the individual terms in equation (4.3) , shows that the terms are calculated largely from experimentally measured data; and such measured data will reflect any interactions of the different mechanisms being modelled, whether positive or damaging. Thus, the value of G c calculated from equation (4.1) will also reflect any such interactions.
The values of the various parameters needed to calculate the fracture energies, G c , of the bulk epoxy polymers and the interlaminar fracture energies, G c , of the resulting NFRP composites from equations (4.1)-(4.4) may be readily determined experimentally or via numerical analyses and may be found tabulated in [15, 16, 31] . The results from the theoretical predictions are compared with the experimentally determined values in table 1. As may be seen, the agreement is very good in the case of the bulk epoxy polymers. The relatively poor agreement for the NFRP composites may arise from (i) equation (4.4) being too simplified or inappropriate and/or (ii) experimental difficulties in measuring accurately some of the terms in equation (4.4) . It was considered [31] that the problem was clearly due to the difficulty of accurately determining those parameters which were needed from the fractographic studies in equation table 1 clearly confirms the role of the toughening mechanisms induced by the silica nanoparticles and/or rubbery microparticles in increasing the toughnesses of the bulk epoxy polymers; and this is directly reflected in enhanced values of G c of the NFRP composites which are prepared using the corresponding toughened epoxy polymer as the matrix. Furthermore, the results in table 1 confirm that the proposed fibre-toughening mechanisms are indeed of the correct magnitude to be responsible for the greatly enhanced values of toughness of the NFRP composites, compared with the corresponding bulk epoxy polymers.
Conclusion
A main aim of this study was firstly to ascertain the toughness of a range of bulk epoxy polymers, which employed silica nanoparticles and/or rubber microparticles. Secondly, to then measure how any increased toughness of the bulk epoxy polymer resulting from the presence of these second-phase nano-and/or microparticles was reflected in the macro-properties of polymer matrix fibre composites which employed these epoxy polymers as the matrix. The PMCs studied employed natural fibres, i.e. flax fibres or regenerated-cellulose fibres, and were manufactured using a RIFT process. A final aim was to identify and model the toughening mechanisms which were operative.
It has been found that the increased toughness determined for the bulk epoxy polymer due to the presence of the silica nanoparticles and/or rubber microparticles was indeed transferred to the NFRP composites when using such epoxies as the matrices for the fibres. Thus, the important role that may be played by modifications to the epoxy matrix in order to increase the toughness of the composites was very clearly demonstrated by these results. However, notwithstanding, the presence of the natural fibres was the major factor in leading to very tough NFRP composites, compared with the bulk epoxy polymers. The different toughening mechanisms which were induced by the second-phase nano-and microparticles and the fibres were identified and modelled. The modelling studies successfully predicted the measured values of the toughness of the bulk epoxy polymers and the NFRP composites. These studies quantified the extent to which each toughening mechanism, induced by the second-phase nano-and microparticles and the fibres, contributed to the overall toughness of the composite materials.
